Atlantic tropical cyclone formation: Pre-genesis evolution of tropical easterly waves and impacts of the middle to upper tropospheric dry air by Hankes, Isaac
  
 
 
 
ATLANTIC TROPICAL CYCLONE FORMATION: PRE-GENESIS EVOLUTION OF 
TROPICAL EASTERLY WAVES AND IMPACTS OF THE MIDDLE TO UPPER 
TROPOSPHERIC DRY AIR 
 
 
 
 
 
BY 
 
ISAAC E. HANKES 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements  
for the degree of Doctor of Philosophy in Atmospheric Sciences  
in the Graduate College of the  
University of Illinois at Urbana-Champaign, 2014 
 
 
 
 
Urbana, Illinois 
 
 
Doctoral Committee: 
 
Assistant Professor Zhuo Wang, Chair 
Professor Robert Rauber 
Associate Professor Stephen Nesbitt 
Doctor Timothy Dunkerton 
 
 
 
 
ii 
 
 
 
 
 
 
 
Abstract 
 
This study first provides an overview of the dynamic and thermodynamic evolution 
of tropical easterly waves (TEWs) for 164 named tropical storms over the Atlantic during 
1989-2010 July-October. The evolution of precipitation and the low-level convergence 
suggests that convection begins to organize near the center of the wave critical layer about 
one day prior to genesis, along with the rapid intensification of vorticity. The composites 
derived from the ERA-Interim reanalysis reveal higher specific humidity and equivalent 
potential temperature near the center of the wave critical layer, especially in the middle 
troposphere within one day prior to genesis. 
The study then focuses on the formation of the Cape Verde storms over the East 
Atlantic. There are two groups of easterly waves over West Africa, one to the south and 
the other to the north of the African Easterly Jet (AEJ), which sometimes merge near the 
coast of West Africa. Three groups of waves are identified in order to determine the role 
of wave merger in tropical cyclogenesis over the East Atlantic: non-merger developers, 
merger developers, and merger non-developers. Relative to non-mergers, it is found that 
merger developers have a weaker circulation near the surface at the early stages but the 
merger of a southern wave with a northern wave leads to a stronger and deeper wave pouch, 
which is more conducive to tropical cyclogenesis. It is also found that dry air intrusion west 
of the wave trough in the middle and upper troposphere inhibits deep convection and leads 
to the nondevelopment of some mergers, but that boundary layer dry air in the northern 
waves moistens quickly over the ocean and does not impede development. 
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The interannual variability of the middle and upper tropospheric dry air and its 
impacts on tropical cyclone activity over the Atlantic are further examined using the EOF 
analysis and composite analysis. It is found that the interannual variability of the upper-
tropospheric (300-500 hPa) dry events is to some extent independent of that in the middle 
troposphere (600-850 hPa), and both have impacts on the interannual variability of Atlantic 
tropical cyclone activity. The sources of dry air and its association with African dust 
outbreaks are also examined. 
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Chapter 1: Introduction 
Tropical cyclone formation is the least understood phase of the tropical cyclone 
lifecycle and thus is one of the most challenging issues in tropical meteorology. Although 
the large-scale necessary conditions for genesis were identified more than four decades ago 
(Gray 1968), the formation of the tropical cyclone vortex within a synoptic scale wave has 
been regarded, until recently, as a mystery. 
Tropical easterly waves (TEWs) play an important role in tropical cyclogenesis 
over the Atlantic (e.g., Landsea 1993). Most, but not all of these synoptic-scale 
disturbances are triggered by finite-amplitude, transient heating in the African easterly jet 
(AEJ) entrance region and develop via a combined barotropic-baroclinic growth 
mechanism (e.g., Thorncroft et al. 2008), which are also called African easterly waves 
(AEWs). They are characterized by a typical period of 2-5 days and a wavelength of 2000-
4000 km (Carlson 1969; Reed et al. 1988a), and propagate westward along the easterly jet 
over West Africa and the East Atlantic. The waves often get enhanced near the coast by 
convection, and the baroclinic characteristics of AEWs erode as the waves propagate over 
the Atlantic. With favorable large-scale conditions, some waves, about 20%, intensify into 
tropical cyclones (Frank 1970). 
Some previous studies have suggested that the development of a tropical cyclone 
is related to the structure and/or intensity of the precursor wave disturbance (Ross and 
Krishnamurti 2007; Hopsch et al. 2010; Peng and Fu 2010; Fu and Peng 2010; Wang et al. 
2010). In particular, Kiladis showed that the distribution of active, deep convection is 
associated with adiabatic dynamical forcing implied by the advection of perturbation 
vorticity by the mean thermal wind in the zonal direction (Kiladis et al. 2006). Deep 
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convection plays an important role in spinning up vorticity near the surface through the 
aggregation of vortical hot towers (VHTs) and concentration of the ambient vorticity 
(Hendricks et al. 2004; Montgomery et al. 2006). TC genesis is thus a multi-scale process 
which involves the meso-β scale convective organization of a TC vortex within a synoptic-
scale wave (Dunkerton et al. 2009). To properly address this issue, we need to investigate 
the spinup of the tropical cyclone proto-vortex, the organization of moist convection, and 
the resulting warm core formation in the days approaching genesis from the dynamic and 
thermodynamic perspective.  
1.1 The marsupial paradigm 
The recently proposed marsupial paradigm for tropical cyclone formation within 
tropical easterly waves provides a framework from which to examine the multi-scale 
interaction involved in tropical cyclone formation (Dunkerton et al. 2009). Using high-
resolution model simulations, Wang et al. (2010a, b) and Montgomery et al. (2010) showed 
that the recirculation region within the wave critical layer, or the so-called wave pouch, 
acts as the “guiding hand” for the aggregation of convective-scale vorticity anomalies. 
Although the genesis time and the intensity of the proto-vortex depend on mesoscale 
processes and have limited predictability, the genesis location is largely controlled by the 
parent wave’s critical layer (Wang et al. 2010b). Since global models can forecast synoptic-
scale disturbances with reasonable skill, the track of the preferred genesis location, i.e., the 
wave pouch center, can be predicted using global model operational data (Wang et al. 
2009). The forecasts of pouch tracks and evolution based on the marsupial paradigm have 
been used in some recent field experiments, including TCS-08 (Elsberry and Harr 2008), 
PREDICT (Montgomery et al. 2012) and GRIP (Braun et al. 2013) to provide useful 
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guidance on flight planning. Using the wave pouch tracks, the dynamic and thermodynamic 
properties and evolution of TEWs will be investigated during tropical cyclone formation 
in this study.  
1.2 Interaction between two groups of African easterly waves and the formation of 
Cape Verde storms 
The popular nomenclature of “Cape Verde” storms refers to tropical cyclones that 
form over the East Atlantic, near the Cape Verde Islands. Since these storms form over the 
eastern portion of the ocean basin, they generally have a longer propagation time period 
over the warm ocean before recurving northeastward or making landfall, and thus are more 
likely to develop into major hurricanes. Cape Verde storms often form shortly after an 
AEW moves from land to ocean. The properties of AEWs and the regional climate 
conditions over West Africa presumably have significant impacts on the formation of such 
storms.  
Previous studies show that there are two wave tracks over West Africa: one to the 
north and the other to the south of the AEJ (Pytharoulis and Thorncroft 1999; Ross and 
Krishnamurti 2007). The two groups of disturbances have different vertical structures and 
thermodynamic properties. The waves south of the jet peak at the jet level (600-700 hPa) 
with a cold core structure in the lower troposphere, and are often associated with squall 
lines and precipitation. The northern disturbances are primarily confined to 850 hPa and 
below. Located north of the jet, they are much drier and are often associated with dust 
outbreaks (e.g., Karyampudi et al. 1997). While the southern waves propagate along the 
zone of strong potential vorticity gradient, the northern waves follow the positive 
meridional gradient of potential temperature (Pytharoulis and Thorncroft 1999; Thorncroft 
and Hodges 2001).  
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Most previous studies focus on the waves propagating south of the jet axis because 
of the associated convective activity and the potential for tropical cyclone development. 
While some of the northern disturbances decay off the coast or move northwestward, most 
of them move southwestward, some of which interact with the waves in the southern track 
(Reed et al. 1988b). Pytharoulis and Thorncroft (1999) speculated that such an interaction 
may enhance the probability of tropical cyclogenesis as the northern waves have strong 
vorticity features near the surface. On the other hand, they pointed out that the dry air 
associated with the northern waves may promote convective downdrafts and act as a 
negative factor for genesis. Furthermore, Ross and Krishnamurti (2007) examined the 
AEW activity and its relationship to Atlantic tropical cyclogenesis in 2001, and suggested 
that the two wave regimes can interact with each other and both are instrumental in tropical 
cyclogenesis. In contrast, Zawislak and Zipser (2010) suggest that the northern 850 hPa 
disturbances generally do not interact with the moist southern disturbances. Chen et al. 
(2008) suggested that the northern waves led to a large number of tropical cyclones. 
Although the controversy can be partly attributed to the different methodologies for wave 
tracking or identification of a northern wave, it reflects our limited understanding of the 
interaction between the two groups of waves and highlights the need for further study. 
The wave merger scenario between the two tracks is intriguing due to its potential 
to impact the low level vorticity evolution on the mesoscale over the Atlantic. Highlighting 
the importance of low-level vorticity, McBride and Zehr (1980) found that the low-level 
vorticity in the vicinity of a developing system is stronger than and twice as large as in a 
non-developing system. Wang et al. (2010) suggested that a deep wave pouch structure 
extending from 600 hPa to the boundary layer is a necessary condition for tropical cyclone 
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formation. Since the vorticity disturbances in the northern track exist in the 1000-850 hPa 
layer primarily, it follows that an offshore merger with the southern disturbances could add 
the necessary low-level vorticity for development to occur or help to create a deep wave 
pouch. In many cases the northern and southern waves both have closed pre-merger pouch 
circulations, which enable simultaneous tracking of multiple circulations impacting the 
complex structure of the TC proto-vortex over Africa for several days prior to the merger. 
This is a distinct advantage of the pouch tracking from the marsupial paradigm, which 
provides the opportunity to conduct diagnoses on important dynamics and thermodynamics 
such as the circulation characteristics, moisture distribution, and vertical wind shear across 
multiple scales relative to the pouch center. One of the objectives of this study is to examine 
the dynamic and thermodynamic evolution of the wave pouches during the merger of a 
northern wave with a southern wave and the impacts of the merger on the subsequent storm 
development.  
1.3 Impacts of dry air on tropical cyclone formation 
One of the detrimental factors for tropical cyclone formation is dry air. The 
presence of dry air at the midtroposphere in the tropics is well known to affect deep 
convection associated with tropical cyclone formation (Yoneyama and Fujitani 1995; 
Mapes and Zuidema 1996; Lucas et al. 1996). Dry air entrainment reduces cloud buoyancy 
and hinders the development of deep convection and tropical cyclone formation. The 
marsupial paradigm suggests that an area of recirculation around the intersection between 
the critical latitude and wave trough provides the tropical cyclone embryo protection from 
the surrounding environment to some degree. This makes the wave pouch center a 
favorable location for tropical cyclogenesis, and the existence of a wave pouch was found 
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to be a necessary condition for developing systems (Wang et al. 2009; Wang et al. 2010). 
However, a closed circulation often is absent in the upper troposphere at the early stage. 
This makes the upper troposphere a region of vulnerability to the influence of dry air (Fritz 
and Wang 2013), particularly in the early formation stages. Other recent findings have 
shown that midtropospheric moistening is a critical process for tropical cyclone formation 
near the pouch center (Wang 2014), and that intensifying systems have higher 
environmental relative humidity than weakening storms (Wu et al. 2012). Given the 
context that tropical cyclone formation is associated with moisture preconditioning, 
understanding the occurrence of synoptic scale dry air intrusion and its interannual 
variability helps us better understand and predict the variability of tropical cyclone activity. 
Dry air over the Atlantic has at least two possible sources: the Saharan Air Layer 
(SAL) and midlatitude intrusion. Dunion and Velden (2004) highlighted the detrimental 
impacts of the SAL on tropical cyclone intensification. Braun (2010) examined these 
claims about the SAL by analyzing storms based on their occurrence in association with 
African Easterly Waves (AEWs) and along SAL outbreaks. Braun (2010) used layer-
averaged RH to define dry air events, and showed that seasonal variations in the 600-700 
hPa layer RH are independent of SAL outbreaks. Instead, the dry air was found in 
association with large-scale troughs on either side of a Saharan midlevel high pressure 
system. The study did find that the SAL inhibits deep convection within the SAL, 
restricting convection to the south, but it is not known whether this actually inhibits storm 
development in any way to the south of the African Easterly Jet (AEJ). Furthermore, Casey 
et al. (2009) showed that anomalously dry middle and upper tropospheric air originates in 
the subtropics. Zhang and Pennington (2004) showed that dry air events can be independent 
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of African dust outbreaks. Other studies have confirmed that dry air often originates in 
association with anticyclonic flow in the subtropics and is ultimately induced by 
midlatitude processes before being advected southward through meridional flow around 
anticyclones (Yoneyama and Parsons 1999; Huang et al. 2010). The impacts of upper 
tropospheric dry air on tropical cyclones have been suggested by some studies (Braun 
2010; Hopsch et al. 2010; Fritz and Wang 2013). The interannual variations of the dry air 
frequency in the tropical North Atlantic, however, remain unclear. A documentation of the 
interannual variability of dry air intrusions and the linkage to large-scale climate factors 
could be useful in forecasting on the seasonal and synoptic time scales.  
This study consists of three parts. In the first part (chapter 2), the dynamic and 
thermodynamic evolution of tropical easterly waves at the pre-genesis stage is examined 
via composite analysis based on the tracking of more than 150 named storms over the 
Atlantic. In the second part (chapter 3), we focus on the formation of the Cape Verde storms 
and examine the impacts of the merger between a northern wave and a southern wave. In 
the last part (chapter 4), the interannual variability and impacts of the middle and upper 
tropospheric dry air occurrence are examined. A brief summary with some discussions is 
presented in the last chapter. 
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Chapter 2: Characteristics of TEW Pouches during Tropical 
Cyclone Formation 
2.1 Background 
The thermodynamic structure of the wave pouch and its impacts on moist 
convection and tropical cyclone formation were examined by Wang (2012) through the 
analysis of a numerical model simulation and dropsonde data from the PREDICT field 
experiment. It was found that the meso- area near the pouch center (or the inner pouch 
region) is characterized by high saturation fraction and a short incubation time scale, which 
are believed favorable for deep convection and genesis. The analysis of dropsonde data 
showed that the mid-level equivalent potential temperature (e) increases significantly near 
the pouch center one to two days prior to genesis but changes little away from the pouch 
center, which may indicate convective organization and the impending TC genesis near the 
pouch center. The difference between the inner pouch and outer pouch region was also 
observed by Davis and Ahijevych (2013). 
Wang (2012) was based on the numerical simulation of a single storm and the 
dropsonde data analysis of limited cases. The objective of this chapter is to examine the 
dynamic and thermodynamic evolution of wave pouches, especially the difference between 
the inner pouch region and the meso- scale wave pouch, with a much larger sample size 
(164 named tropical cyclones) using the ERA-Interim data and CMORPH precipitation. 
2.2 Data and methods 
The ERA-Interim reanalysis (Simmons et al. 2007) is the latest ECMWF global 
atmospheric reanalysis. It utilizes 4DVAR and provides a more realistic representation of 
the atmosphere in both space and time than earlier reanalysis datasets. The spatial 
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resolution of the data is about 0.7 degrees, which is marginal to study meso- scale 
structures, but as shown later, the data capture the statistically significant differences 
between the inner pouch region (meso-) and the pouch scale (meso-). Three-hourly 
precipitation from the CMORPH (CPC MORPHing technique) dataset (Joyce et al. 2004), 
with spatial resolution of 0.25, was used as a proxy for convection. The precipitation 
estimates were derived from low-orbiting satellite microwave observations exclusively, 
and motion vectors derived from geostationary satellite IR data were used to propagate 
precipitation features. For the ERA-Interim data, we used a ~1.4 square box (3X3 grid 
points) to represent the inner pouch region, and a ~4.2 square box (7X7 grid points) to 
represent the pouch scale; for the CMORPH data, we used a 1.5 square box (7X7 grid 
points) to represent the inner pouch region, and a 4 square box (17X17 grid points) to 
represent the pouch scale. All the boxes are centered at and moving with the propagating 
pouch centers at 700 hPa. 
The TC genesis time and locations were obtained from the National Hurricane 
Center (NHC) Best Track data. The wave pouch center was determined by the intersection 
of the wave trough axis and the wave critical latitude. The phase speeds of precursor waves 
were derived from the linear regression of the band-pass filtered (Doblas-Reyes and 
De ́que ́ 1998) 700 hPa meridional wind, following Dunkerton et al. (2009). The wave 
pouch was then tracked at 700, 850 and 925 hPa backward in time from genesis to Day -
10 (ten days prior to genesis) as long as a well-defined wave pouch was present. We focus 
on the named tropical cyclones over the Atlantic in July-October 1989-2010. There were 
255 named storms during this time period. After excluding 41 storms without well-defined 
zonal propagating signals in the Hovmöller diagrams, 1 subtropical cyclone, 22 tropical 
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storms without a wave pouch at 700 hPa at genesis1, and 27 waves with meridional 
propagation speed larger than 3.0 m s-1, we have 164 storms left. The statistical analyses 
in the following section are based on the 164 storms. 
2.3 Results 
The pouch tracks at 700, 850 and 925 hPa are shown in Fig. 2.1a. Also shown is 
the axis of the 700 hPa easterly jet. Over the Atlantic Main Development Region (MDR; 
80°-20°W, 10°-20°N), most of the pouch tracks are located south of the long-term mean 
jet axis. Among the 164 storms, 41 pouches at 700 hPa can be tracked back east of 10°W, 
some of them extending as far as 10°E. In contrast, only ten (two) pouch tracks at 850 (925) 
hPa are present east of 10°W, suggesting that most wave pouches over West Africa have a 
shallow structure confined to ~700 hPa. This can be attributed to the strong vertical shear 
in the lower troposphere over West Africa. A significant increase in the 850 and 925 hPa 
pouch track density near the coast suggests that wave pouches tend to develop a deep 
structure after moving over to the ocean, probably due to the coastal convection and a 
decrease in the vertical wind shear. A secondary wave track is discernible over West Africa 
north of the jet axis2 (e.g., Carlson 1969; Burpee 1974; Nitta and Takayabu 1985; 
Pytharoulis and Thorncroft 1999). Wave pouches are confined below 850 hPa along this 
northern track, and they move southwestward off the coast merging with the southern wave 
track (e.g., Reed et al. 1988a; Thorncroft and Hodges 2001). Pouch tracks are also present 
north of the jet over the West Atlantic and the Gulf of Mexico. These tracks are generally 
                                                 
1 Some of the 22 storms have a wave pouch present at 850 or 925 hPa at genesis. They are excluded 
because the wave evolution is examined following the 700 hPa pouch track. 
2 Note that Fig. 1.1a only shows northern waves that have a closed circulation in the wave’s co-moving 
frame of reference. Not all northern waves have a pouch. 
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shorter than those in the MDR region. Some of the pouches may be associated with wave 
disturbances forming over the Atlantic or associated with midlatitude frontal systems.  
Tropical cyclogenesis locations are shown in Fig. 2.1b. Over West Africa, the East 
and Central Atlantic (east of 60°W), most of the wave pouches (~80%) formed at 700 hPa 
first, while about 68% of tropical cyclones over the West Atlantic (west of 60°W) had a 
wave pouch forming at 925 or 850 hPa first. This is related to the zonal variations of the 
mean flow. Over West Africa and the East Atlantic, the mean flow is characterized by a 
well-defined, meridionally confined jet peaking at 600-700 hPa. The jet weakens westward 
and gradually transitions into a broad region of trade wind easterlies peaking at 850-900 
hPa over the West Atlantic. Also shown in Fig. 2.1b is the long-term mean convergence at 
850 hPa during July-October. Nearly all the tropical cyclones developed in a region of low-
level convergence. 
The distribution of wave pouch lifetime is shown in Fig. 2.2a. Among the 164 
named storms, 97%, 90%, 82% and 79% of them have a wave pouch form by 12 hours 
prior to genesis at 700 hPa, 850 hPa, 925 hPa, and all of the three levels, respectively. 32% 
of the storms have a pouch form at 700 hPa more than five days prior to genesis. Wang et 
al. (2012) suggested that a deep wave pouch extending from ~600 hPa down to the 
boundary layer is a highly favorable condition for genesis. Other factors that need to be 
considered for genesis include SST, vertical shear, etc. (e.g., Gray 1968).  
The vertical displacement of the wave pouches with respect to 700 hPa, which is 
defined as the distance between the pouch centers at two levels, is examined in Fig. 2.2b. 
On average, there is a one to two degrees displacement within three days prior to genesis. 
The displacement has a general tendency of decreasing approaching the genesis time, 
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which is consistent with the study by Dunkerton et al. (2009) using a smaller sample size. 
A vertically aligned wave pouch is believed to be a favorable condition for genesis (Wang 
et al. 2012; Raymond and López Carrillo 2011; Davis and Ahijevych 2012).  
To examine the dynamic evolution of the wave pouch at different spatial scales, the 
925 and 700 hPa relative vorticity and the Okubo-Weiss parameter3 (OW) averaged over 
the inner pouch region and the meso- pouch scale are shown in Figs. 2.3. The difference 
between the inner pouch and the pouch-scale averages implies a difference between the 
inner and outer pouch regions. An evident feature in Figs. 2.3a and 2.3b is that the mean 
vorticity and OW at the inner pouch are much stronger than those averaged over the pouch 
scale, suggesting that the inner pouch region is characterized by stronger rotation and 
weaker deformation compared to the outer pouch region. The averages over the inner 
pouch region and over the pouch scale both show stronger vorticity and OW at 700 hPa 
than 925 hPa at the early stage, which is consistent with the typical vertical structure of an 
African easterly wave (e.g., Reed et al. 1988b). However, due to a larger intensification 
rate at 925 hPa, the 925 hPa vorticity (and OW) exceeds that at 700 hPa 18 hours prior to 
genesis in the inner pouch region, suggesting the formation of a warm-core structure at the 
meso- scale. At the pouch scale the relative vorticity at 925 hPa becomes close to but does 
not exceed that at 700 hPa, and a well-defined warm-core structure is absent even at 
genesis. The different vorticity evolutions at different spatial scales are consistent with the 
numerical model simulation in Wang (2012). Wang (2012) showed that vorticity evolves 
                                                 
3 The OW parameter is a measure of the “shape-preserving” component of a vortical flow (Rozoff et al. 
2006; Dunkerton et al. 2009) and is defined by OW = 2 - S12 - S12, where  is relative vorticity and 
 represents the strain rate. Positive values of OW indicate that the flow is rotation-dominant, and 
negative values of OW suggest that the flow is susceptible to rapid filamentation. 
  
z
  
(S1
2 + S2
2)
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differently at different spatial scales: the spin-up of the meso- scale low-level circulation 
near the pouch center precedes the spin-up of the mid-level vortex, while at the meso- 
pouch scale vorticity increases in the middle troposphere first. Wang (2012) attributed the 
different vorticity evolution to the different thermodynamic conditions in the inner and 
outer pouch regions and the resultant convective distribution. 
Figure 2.3c shows the 975 hPa convergence averaged at the two different scales. 
At the early stage the two averages have large fluctuations and are close to each other. 
From t=-30 h onward, the convergence averaged over the inner pouch region exceeds that 
averaged at the pouch scale, indicating that convection has begun to organize near the 
pouch center. The time series of precipitation rate conveys the same message. Also notable 
in Fig. 2.3a is a larger intensification rate of relative vorticity within 24 hours prior to 
genesis compared to the early stage. The rapid intensification in vorticity coincides with 
the significant increase in the low-level convergence and precipitation within ~24 hours 
prior to genesis, and is consistent with an abrupt transition to strong deep convection 
shortly before genesis suggested by Wang (2013). 
The thermodynamic condition of the wave pouch is examined in Fig. 2.4. The 
differences in specific humidity (SH), air temperature (T) and e between the inner pouch 
region and the pouch scale were calculated. The significance of the differences was 
examined in two student’s-t tests. In the first test, the inner pouch average and the pouch-
scale average of a storm are treated as a paired observation, and a one-sample one-sided t 
test is carried out with the null hypothesis that the difference between the inner pouch and 
the pouch-scale averages is zero. In the second test, the inner pouch averages and the 
pouch-scale averages are treated as independent samples, and a two-sample one-sided t test 
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is carried out with the null hypothesis that the inner pouch averages and the pouch-scale 
averages have the same sample means. The second test is stricter (or more sensitive) than 
the first test (Wilks 2006, Chapter 5.2). 
Figure 2.4a shows that the inner pouch has larger specific humidity than the pouch-
scale average. The magnitude of the difference is very small (<=0.2 g kg -1), but it exceeds 
the 99% confidence level for paired samples at most vertical levels from t=-72 h to genesis, 
and exceeds the 99% (95%) confidence level for independent samples between 550-800 
hPa within 18 (24) hours before genesis. The higher water vapor content in the inner pouch 
region is consistent with the findings by Wang (2012) in a high-resolution numerical model 
simulation and dropsonde data analysis. Wang (2012) suggested that the high moisture 
content in the inner pouch region is related to the dynamic and kinematic structure of the 
wave pouch and contributes to convective organization near the pouch center. Figure 2.4a 
is also consistent with Nolan (2007), who emphasized the importance of column 
moistening for tropical cyclogenesis. 
Figure 2.4b shows that the inner pouch is relatively warmer than the pouch scale 
above 700 hPa and colder below. The difference exceeds the 99% confidence level for 
paired samples most of the time but does not exceed the 95% confidence level for 
independent samples. Significant cold anomalies in the lower troposphere become more 
confined near the surface within the 24 hours prior to genesis. Despite the small magnitude 
(less than 0.1 K at most levels), the temperature difference is consistent with the transition 
of the circulation from a cold-core structure to a warm-core structure near the pouch center 
(Fig. 2.3a). The temperature difference also indicates enhanced static stability in the inner 
pouch region, which was also reported by Davis and Ahijevych (2013) in dropsonde data 
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analysis. Raymond et al. (2011) suggested that a mid-level vortex with the associated 
enhanced static stability helps to create a more conducive environment for tropical cyclone 
formation by making the vertical mass flux profile of deep convection more bottom-heavy. 
Although Fig. 2.4b indicates enhanced static stability at the inner pouch region, it is worth 
pointing out that the temperature difference is present more than 3 days prior to genesis 
and does not show progressive change as the moisture field does. Besides being consistent 
with the vertical structure of the circulation, the significance of the temperature field and 
enhanced static stability to convection and genesis can not be determined by the analysis 
here. Instead, the steady increase in mid-level moisture suggests the importance of mid-
level moistening. 
Figure 2.4c shows that the inner pouch region has higher e than the pouch scale 
average above the boundary layer. The difference maximizes around 700 hPa and exceeds 
the 99% (95%) confidence level for independent samples within 18 (24) hours prior to 
genesis. Comparison between Figs. 2.4a and 2.4b suggests that the difference in e mainly 
results from the humidity difference, which is consistent with Wang (2012). Given the 
spatial resolution of the ERA-Interim data, it is not a surprise that the magnitude of the 
difference is much smaller than that derived from dropsonde data. 
2.4 Summary 
The evolution of wave pouches prior to genesis was examined for 164 named 
tropical cyclones that originated from zonally propagating tropical easterly waves over the 
Atlantic during 1989-2010. It was found that most (~80%) wave pouches east of 60°W 
form at 700 hPa first. A wave pouch over West Africa is often confined to around 700 hPa, 
and tends to extend to 850 or 925 hPa off the coast of West Africa. Over the West Atlantic 
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(east of 60W), a larger fraction (68%) of wave pouches develop at 850 or 925 hPa first. A 
wave pouch becomes more vertically aligned approaching genesis.  
The evolution of vorticity and OW shows that the circulation at 925 hPa intensifies faster 
than that at 600 hPa. A warm-core structure develops at the meso- scale near the pouch 
center prior to genesis, but a well-defined warm core structure is absent at the meso- 
pouch scale. The comparison of precipitation and the low-level convergence evolution 
between the inner pouch region and the meso- pouch scale suggests that convection 
becomes organized or concentrated near the pouch center about one day prior to genesis, 
which coincides with a rapid intensification in vorticity in the inner pouch region. The 
ERA-Interim composites also show significant moistening in the inner pouch region, 
especially at the middle troposphere within one day prior to genesis. 
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2.5 Figures 
 
Figure 2.1 (a) Wave pouch tracks at 700 (black), 850 (green) and 925 (red) hPa; (b) the TC 
genesis locations. Black, green and red colors in (b) represent TCs that have a wave pouch 
first forming at 700, 850 and 925 hPa, respectively. Shading in (b) indicates regions of 
mean convergence at 850 hPa from the long-term mean during 1989-2010 July-Oct. The 
thick blue curve represents the axis of the 700 hPa easterly jet from the long-term mean 
during 1989-2010 July-Oct. 
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Figure 2.2 (a) The percentages of waves with the pouch lifetime equal to or longer than the 
indicated time (the abscissa; units: days) at 700 hPa (black), 850 hPa (green), 925 hPa (red) 
and all of the three levels (blue); t=0 day indicates the percentages of waves having a pouch 
at genesis. (b) The mean displacement (units: degrees) of the 850 (gray bars) and 925 (open 
bars) hPa wave pouch centers with respect to the 700 hPa pouch centers.  
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Figure 2.3 Areal averages of  (a) 925 hPa (red curves) and 700 hPa (black curves) vorticity 
(units: 10-5 s-1), (b) 925 hPa (red curves) and 700 hPa (black curves) OW (units: 10-9 s-2), 
and (c) 975 hPa convergence (units: 10-5 s-1) derived from ERA-Interim for 1989-2010; (d) 
precipitation rate (mm hour-1) derived from the CMORPH dataset for 2003-2010. 
Multiplication signs represent averages over the pouch scale, and closed circles represent 
averages over the inner pouch area. 
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Figure 2.4 Differences of (a) specific humidity (units: g kg-1), (b) air temperature (units: 
K), and (c) equivalent temperature (units: K) between the inner pouch averages (~1.4) and 
the pouch scale averages (~4.2) from 72 hours prior to genesis to the genesis time. Gray 
shading highlights differences exceeding the 99% confidence level for paired samples, and 
light and dark green shadings highlight differences exceeding the 95% and 99% confidence 
levels for independent samples, respectively. 
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Chapter 3: Impacts of East Atlantic TEW Mergers and Middle 
to Upper Tropospheric Dry Air on Tropical Cyclone 
Formation 
3.1 Background 
In this chapter, we will examine the merger of the southern waves with the northern 
disturbances and the dynamic and thermodynamic evolution of their structures during the 
merger. In particular, we will address the following questions: 
• How often do the mergers occur, and how do they lead to development/non-
development? 
• What synoptic/mean flow conditions cause the mergers to occur? 
• How do mergers differ from non-mergers? 
We will employ the framework of the marsupial paradigm (Dunkerton et al. 2009). The 
marsupial paradigm proposes that the approximately closed Lagrangian circulation within 
the wave critical layer, or the wave pouch, provides a local favorable environment for 
vorticity aggregation and convective organization that lead to tropical cyclone formation 
(Wang et al. 2010a; Wang 2012; Wang 2014), and that the center of the wave pouch is the 
preferred location for genesis. Wang et al. (2012) suggested that a deep pouch extending 
from 600-700 hPa to near the surface is a necessary condition for cyclogenesis. They also 
showed that the merger between an AEW and a disturbance in the Inter-Tropical 
Convergence Zone (ITCZ) led to a stronger and deeper wave pouch, which later developed 
into Tropical Cyclone Erika (2009). Similar to the northern waves, the ITCZ disturbance 
had a shallow structure and was initially confined to 850 hPa and below. Here we will test 
the hypothesis that the merger of a northern wave and a southern wave helps to create a 
stronger and deeper wave pouch that is more conducive to tropical cyclone formation. 
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3.2 Data and Methodology 
The 6 hourly ERA-Interim reanalysis (Simmons et al. 2007) were used to track 
easterly waves and examine their dynamic and thermodynamic evolution. The ERA-
Interim data have the horizontal resolution of ~0.7 degrees and can resolve the mesoscale 
structure of a wave pouch to some extent as shown in chapter 2. The phase speeds of 
precursor waves were derived from the linear regression of the band-pass filtered (Doblas-
Reyes and De ́que ́ 1998) 700 hPa meridional winds (Dunkerton et al. 2009; Wang and 
Hankes 2014). The wave pouch center, or the preferred location for genesis, is determined 
by the intersection of the wave trough axis and the wave critical latitude. The wave pouches 
were tracked at 700, 850 and 925 hPa backward in time from genesis  to up to 10 days prior 
to genesis as long as a well-defined wave pouch was present. 
Moderate Resolution Imaging Spectroradiometer (MODIS) Level 3 (Hubanks et al. 
2008) Aerosol Optical Depth (AOD) dataset was used to examine the aerosol distribution 
associated with dry air. The dataset provides daily AOD estimates on a 1 × 1 global grid 
based on observations of Terra/Aqua satellite platforms. The data were acquired from 
NASA Goddard Space Flight Center data server 
(ftp://ladsweb.nascom.nasa.gov/allData/51/), where retrievals from Terra and Aqua are 
stored separately. The Terra subset is available from 2000 to the present and the Aqua 
subset is available since 2002. We chose the time period of 2002-2012, when both subsets 
are available. Additionally, infrared (IR) data from the Cooperative Institute for 
Meteorological Satellite Studies (CIMSS) Tropical Cyclone Archive 
(http://tropic.ssec.wisc.edu/archive/) are used to examine the convective evolution. 
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A northern wave disturbance is identified as a westward propagating low-level 
(925-850 hPa) vorticity feature with a maximum equal to or exceeding 210-5 s-1 
originating north of the easterly jet axis. The criterion of a propagating feature is to exclude 
stationary vorticity features in association with the monsoon trough or the Saharan heat 
low, which are common over West Africa. Northern disturbances are typically, but not 
always, accompanied by a closed pouch circulation in the co-moving frame of reference. 
A southern wave is tracked at 700 hPa and propagates south of the jet axis over Africa. 
Note that although they are referred to as two groups of waves, it does not imply that the 
northern waves and the southern waves are independent of each other. Both may be part of 
the same African easterly wave of a complex structure (Pytharoulis and Thorncroft 1999).  
A merger event is defined as the sequence in which a northern wave moves 
southwestward, often near the coast, and becomes horizontally overlapped (or vertically 
aligned) with a wave pouch south of the AEJ axis. The merger time is defined as the time 
at which the pouch centers between the disturbances are 3 degrees or less apart in horizontal 
distance for cases that a closed pouch exists north of the jet axis. In cases that the northern 
wave does not have a closed circulation, the merger time is defined as the time at which 
the northern vorticity patch (at least 210-5 s-1) and the southern wave pouch at 700 hPa 
are 3 degrees or less apart in horizontal distance. The implementation of these criteria is 
illustrated for Isabel (2003) in the next section. 
It is worth pointing out that not every northern wave merges with a southern wave. 
For example, the precursor wave of Danielle (2010) was accompanied by a northern wave 
disturbance at 850 hPa, but the northern disturbance never merged with the southern wave. 
Merger may also occur after genesis. For example, Igor (2010) absorbed a disturbance to 
24 
 
 
its east that originated north of the jet over West Africa, and the merger seemed to help 
intensify Igor. Such cases are excluded in our analyses because we are interested in the 
impacts of merger on the subsequent storm formation prior to genesis.  
Three groups of AEWs are examined: i) merger developers: AEWs that merge with 
a northern wave and develop into a tropical cyclone over the East Atlantic; ii) non-merger 
developers: developing AEWs that are not involved with merger; and iii) merger non-
developers: AEWs that merge with a northern wave but do not develop into a tropical 
cyclone over the East Atlantic. For the first two groups, we focus on the formation of named 
storms during 1989-2012 over the East Atlantic (east of 40°W), for which the merger of 
two disturbances is expected to have immediate impacts on the storm formation. The 
merger non-developers were selected from the non-developers archived in the marsupial 
tracking products (Wang et al. 2009) at the Naval Postgraduate School 
(http://met.nps.edu/~mtmontgo/marsupial.html) from 2008-2012. Merger non-developers 
were identified using the same criteria described above. Different from non-developers 
examined in some previous studies (e.g., Peng et al. 2011; Fu et al. 2011; Kerns 2009), the 
non-developing waves examined in this study all have a well-defined wave pouch 
sometime during their lifetime. The merger developers are compared with the non-merger 
developers to examine the impacts of merger on the subsequent storm development, and 
the merger non-developers are examined to investigate the key processes or environmental 
factors for tropical cyclone formation. 
As shown in Figure 3.1, the number of merger developers per year is much lower 
than the number of merger non-developers or the number of non-merger developers per 
year. It suggests that only a small fraction of the East Atlantic tropical cyclones (~31%) 
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are involved with a merger and that only a small fraction of mergers (20%) intensify into 
tropical cyclones. Although merger occurs from July to September with the peak frequency 
in September, merger developers only occur in August and September (Fig. 3.2) in the time 
period examined (1989-2012). Merger and non-merger developers have similar genesis 
locations under the longitude criterion (east of 40°W) used for case selection. A noticeable 
difference between the merger non-developers and developers is the merger location. On 
average, the merger location for non-developers is about 3 degrees north and 1 degree west 
of the merger location for developers (Figure 3.1). The latitudinal displacement is 
particularly significant, as it is greater than one standard deviation. The differences 
between merger developers and non-developers are examined in detail in a later section, 
and student’s t-tests were performed to test the significance of the composite difference. 
The analyses in the following sections are conducted in the wave’s co-moving 
frame of reference and centered on the pouch center to examine the quasi-Lagrangian 
evolution if not specified otherwise. The mean phase speed between 700 hPa and 850 hPa 
for each storm was used to translate the frame of reference. The mean phase speed is -7.4 
m s-1 for non-merger developers, -7.8 m s-1 for merger developers, and -8.0 m s-1 for merger 
non-developers. 
3.3 A Typical Developing Merger Case: Isabel (2003) 
Streamlines and vorticity 
Isabel in 2003 was chosen to highlight the key features of a typical merger event. 
According to the National Hurricane Center (NHC) report (Beven and Cobb 2004, 
http://www.nhc.noaa.gov/2003isabel.shtml), Isabel developed from a tropical wave that 
departed the west coast of Africa on 1 September. The wave gradually became better 
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organized as it propagated westward, and a tropical depression formed at (28.6°W, 13.8°N) 
at 00Z on 6 September. The zonal phase speed of the wave averaged over the 700- and 
850-hPa levels is -4.9 m s-1. A pouch in the southern disturbance can be tracked back 114 
hours prior to genesis at 700 hPa. Figure 3.3 shows the evolution of relative vorticity from 
06Z on 31-August to 06Z on 5-September, at 24 hour increments. Two levels are chosen: 
700 hPa, which captures the southern wave track, and 850 hPa, which is around the peak 
altitude of the northern disturbance (e.g., Reed et al. 1988b; Pytharoulis and Thorncroft 
1999). Streamlines are shown in the co-moving frame of reference. The pre-Isabel wave is 
associated with a clear disturbance in both the southern and northern wave tracks, each 
with a closed pouch circulation. At the beginning of the time sequence (06Z 31-August), 
the 850 hPa pouch is visible as a closed circulation centered at (2°E, 22°N) and embedded 
within a northeast-southwest oriented trough north of the AEJ axis. The trough is the 
manifestation of the Saharan heat low on the synoptic time scale and confined to 850 hPa 
and below. The northern wave pouch also has a shallow structure and does not extend to 
700 hPa. The southern wave is visible as an elongated closed circulation at 700 hPa along 
10°N, south of the AEJ axis. Although the associated cyclonic vorticity extends downward 
to 850 hPa, the wave pouch does not. Also note that there is an extensive anticyclone to 
the northwest of the southern pouch at 700 hPa. 
By 06Z on 1 September, the 850 hPa wave has propagated to 5°W. The vorticity 
strip along the trough becomes stronger and extends southward. At 700 hPa, the southern 
wave pouch is now centered at (4°W, 10°N) with cyclonic vorticity extending westward 
beyond the coast.  
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At 06Z on 2 September, the elongated wave pouch has split into two distinct closed 
circulations at 700 hPa, one off the African coast and the other to the east over land. The 
circulation in the west is stronger (in terms of vorticity) and better defined than the one to 
its east. Although a closed circulation is still absent at 850 hPa for the southern wave, the 
cyclonic vorticity signal has strengthened. Meanwhile, the 850 hPa wave continues 
propagating westward and begins to exit the African coast. 
By 06Z on 3 September, the 700 hPa pouch south of the jet has moved to (22°W, 
12°N) and becomes more circular. The 850 hPa wave has extended across the AEJ axis. 
The centers of the two disturbances are about 4 degrees apart from one another. Meanwhile, 
the anticyclone in the northwest also propagates westward and is now located on (33°W, 
24°N) at 850 hPa. The anticyclone helps to enhance the easterly jet off the coast, and the 
associated northeasterly flow steers the northern disturbance southward and helps create 
the favorable environmental flow for the merger of the two disturbances. 
At 06Z on 4 September, the 850 hPa pouch and the 700 hPa pouch are less than 3 
degrees apart, and the pre-Isabel disturbance now has a deep pouch. This time is thus 
defined as the merger time. The disturbance keeps intensifying and becomes well aligned 
vertically at 06Z on 5 September. It developed into a tropical cyclone at 00Z on 6 
September. This substantial intensification following the merger time is a typical evolution 
feature for merger developers. Genesis occurs about 32 hours after merger on average.  
Moisture and Convection 
To augment the dynamic evolution, the time sequences of relative humidity (RH) 
and IR brightness temperature with 2.5-day low-passed streamlines are shown in Fig. 3.4 
and Fig. 3.5, respectively, for the same time period as in Fig. 3.3. The most evident broad 
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scale feature in Fig. 3.4 is the moisture contrast over Africa. At 850 hPa, the AEJ axis 
roughly separates the dry air (RH<40%) in the north from the moist air (RH>60%) in the 
south. This moisture transition zone around the jet axis is perturbed by synoptic or 
mesoscale disturbances (Cook 1998; Fink et al. 2004). Also note that the moist air extends 
farther northward at 850 hPa than 700 hPa due to the prevailing southwesterly monsoonal 
flow. The northern 850 hPa disturbance remains dry and convection-free over land from 
06Z 31 August to 06Z 2 September, with RH ~30% in the vicinity of the pouch, while the 
southern wave pouch is rather moist, with RH 80% or greater. The southern wave is 
associated with a mesoscale convective system (MCS), and active convection is also 
present along the coast. The latter likely contributes to the strengthening of the wave near 
the coast on 2 September.  
From 06Z 2 September to 06Z 3 September, the 850 hPa pouch propagates to the 
Atlantic and approaches the 700 hPa circulation. The 850 hPa pouch is initially dry after 
moving over water. Although the 700 hPa pouch is surrounded by relatively dry air 
immediately to its north and west, the inner pouch region remains moist. Meanwhile, 
convection associated with the wave is enhanced significantly due to the interaction 
between the wave and the coastal convection (Berry and Thorncroft 2005), and the 850 
hPa wave pouch is moistened substantially in the following 24 hours. This suggests that 
the positive impacts of vorticity interaction exceed the negative impacts of dry air on 
convection.  
After the two disturbances completely merge on 3 September, the 850 hPa pouch 
is now vertically aligned with the 700 hPa pouch and has become quite moist by this time 
(RH>70%). Convection is better organized within the wave pouch (Fig. 3.5), and a tropical 
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cyclone forms on 6 September. It is noticeable between 06Z on 4-September and 06Z on 5 
September that dry air (RH<40%) is advected southward west of the wave pouch at 700 
hPa but does not penetrate the inner pouch region. As shown later, this is a critical 
difference between merger developers and non-developers.  
3.4 Merger and Non-Merger Developers 
3.4.1 Wave Structure 
To illustrate the evolution of non-merger and merger developers, the latitude-height 
cross section of vorticity (contours) and the Okubo-Weiss parameter (OW) (shading) are 
shown in Fig. 3.6 from three days prior to genesis (-72 h) to the genesis time (0 h). To 
highlight the wave structure, vorticity is derived from the 2.5-9 day band-pass filtered data. 
Since OW is a nonlinear function of the wind field, OW is first derived from the 2.5-day 
low-pass filtered and 9-day low-pass filtered data separately, and then the difference is 
taken to produce accurate 2.5-9 day band passed OW and is shown in Fig. 3.6 to represent 
the wave structure. Both vorticity and OW are averaged over 7 degrees in longitude around 
the pouch center. Three days prior to genesis, two disturbances are evident in both 
composites. The two circulation centers are about 10 degrees apart, and the northern 
disturbance is much weaker and shallower in both composites. There are some noticeable 
differences between the two composites. First, the southern wave in the non-merger 
developer composite is stronger than that in the merger composite, and the large values of 
vorticity extend farther downward from the jet level (~700 hPa). It is possible that a wave 
pouch has formed at 850 hPa before the wave moves over to the ocean (see Fred (2009) in 
Wang et al. 2010). Second, the northern vortex in the merger developer composite has 
stronger cyclonic vorticity and is more closely “connected” to the southern wave in terms 
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of vorticity distribution. From t=-72 h to t=-48 h, the southern wave intensifies in both 
composites, but is still stronger in the non-merger composite. The northern vortex remains 
weak and well-separated from the southern wave in the non-merger composite, but it 
strengthens and moves southward in the merger composite from t=-72 h to t=-48 h. On 
average the merger occurs 32 h prior to genesis, or between the t=-48 h and t=-24 h 
composites. At t=-24 h (shortly after the merger time), the southern wave in the merger 
composite is centered at 12°N and has intensified significantly, becoming even stronger 
than the non-merger composite. The large OW values extending down to the boundary 
layer suggest that a wave pouch may have formed near the surface. Both composites show 
further intensification in the final day leading up to genesis. In summary, the merger 
developers start with a weak and shallow wave south of the AEJ, and the merger between 
the northern wave and the southern wave leads to a stronger and deeper wave pouch, which 
is consistent with what we have observed in Figs. 3.3-3.5. 
3.4.2 Mean States 
The mean states for the merger and non-merger developers are examined next. The 
mean 925 hPa potential temperature averaged over three days prior to genesis is shown in 
Figure 3.7, along with 600 hPa 9-day low-passed zonal wind. Here the 925 hPa potential 
temperature is chosen because it can best illustrate the heat low and the low-level 
meridional temperature gradient over Africa, which is closely associated with the intensity 
and location of the AEJ. The warm air mass is evident over Africa (Figs. 3.7a and 3.7b) in 
both composites, but it extends farther westward to the East Atlantic for merger developers 
(Fig. 3.7c), which helps to maintain the meridional temperature gradient. Consistent with 
the potential temperature distribution, the easterly jet is stronger and extends farther 
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westward over the East Atlantic in the merger developer composites (Fig. 3.7c). The 
statistically significant warm anomalies (above 95% confidence level) over the East 
Atlantic are also accompanied by an anomalous anticyclone (not shown). Pytharoulis and 
Thorncroft (1999) showed that the zonally elongated potential temperature gradient is 
confined to near the coast and curves northward following the coastline in the 
climatological mean. The weakening of the potential temperature gradient off the coast 
may lead to the weakening or northward propagation of some northern waves, which tend 
to follow the strong potential temperature gradient. The westward extension of the hot air 
mass and the enhanced potential temperature gradient off the coast may help to maintain 
the northern waves and lead to a better chance for wave merger. 
3.5 Merger Developers and Non-Developers 
3.5.1 A Typical Non-Developing Merger Case: P22L (2011) 
Tropical wave P22L (following the disturbance names at the pouch tracking 
website (http://www.met.nps.edu/~mtmontgo/storms2011.html) in 2011 was chosen to 
highlight the typical evolution of a merger non-developer. The wave phase speed average 
between the 700- and 850-hPa levels is -7.1 m s-1 in the zonal direction. A pouch in the 
precursor wave disturbance can be tracked back 228 hours prior to merger at 700 hPa. Fig. 
3.8 shows the evolution of relative vorticity and relative humidity from two days before 
the merger (12Z 29 August) to two days after the merger (12Z 2 September) at 48 h 
increments. Streamlines are shown in the co-moving frame of reference. 
Two days prior to the wave merger (12Z 29 August), a pouch is visible at 700 hPa 
south of the AEJ axis centered on (8°W, 11°N). A tripole pattern is visible at 700 hPa with 
anticyclones positioned northwest (20W, 20N) and northeast (2°W, 20°N) of P22L. Dry 
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air is associated with the two anticyclones at 700 hPa, but the cyclonic wave pouch south 
of the jet is quite moist (RH>80%). The cyclonic pouch, however, does not extend down 
to 850 hPa. A wave trough at 850 hPa is discernible below the 700 hPa wave pouch. In this 
case the northern wave does not have a closed circulation. A dry trough extends from 25°N 
to 15°N between 10°W to 20°W north of the jet. 
By 12Z on 31-August at the merger time, the 700 hPa wave has propagated to 
(18°W, 13°N). At 850 hPa the northern disturbance has merged with the southern wave 
and created a pouch slightly north of the 700 hPa pouch. The initially dry northern wave 
moistened as it moved south across the AEJ axis, which is typical at low levels for both 
merger developers and non-developers. The anticyclone over West Africa is still centered 
near the prime meridian but expands westward, while the anticyclone to the northwest of 
the pouch has propagated about 15 degrees westward. Due to the southeasterly flow 
associated with the anticyclone over the land, the 700 hPa wave pouch moves slightly 
northward into the deformation zone between the two anticyclones. Although the pouch 
circulation is still moist, the northerly flow associated with the anticyclone to its northwest 
advects dry air southward into the vicinity of the wave pouch. 
Two days after the merger time, the 850 hPa pouch remains moist but the 700 hPa 
circulation (centered at 32°W, 13°N) has become less well-defined. The pouch is 
embedded in an amplified wave trough at 700 hPa, and the northerly flow west of the pouch 
center advects dry air from the subtropics to the pouch periphery. Previous studies have 
suggested that mid-level dry air reduces cloud buoyancy and suppresses deep convection 
(e.g., James and Markowski 2010; Kilroy and Smith 2013; Wang 2012).  In addition to the 
impacts of dry air, the vertical displacement of the circulation in the wave increases after 
33 
 
 
this time. The 850 hPa circulation moves southwest while the 700 hPa wave propagates 
northwest, resulting in continued dissipation of the wave (not shown). 
3.5.2 Developing vs. Non-Developing Merger Composite Analysis 
To better understand the processes hindering storm development, Figure 3.9 shows 
the time sequence of the 700 hPa streamlines and relative humidity composites for 
developing and non-developing mergers from 48 hours before to 24 hours after merger. 
Two days prior to merger, the southern wave pouches in both composites are located near 
the coast. The merger non-developer pouch center (13°W, 11°N) is about 5 degrees 
westward compared to the developer composite (8°W, 10°N). An anticyclone is present in 
both composites to the northwest of the wave pouch over the Atlantic. Another anticyclone, 
which is weaker, is present to the northeast of the wave pouch in the non-developer 
composite, similar to what is shown in Fig. 3.8. In the developer composite, a ridge extends 
eastward over land from the anticyclone off the coast. 
One day later (t=-24 h), the anticyclonic circulation over land becomes stronger in 
the merger non-developer composite relative to the developer composite, and the wave 
pouch is thus sandwiched between the two anticyclones. Due to the steering effect of the 
northeastern anticyclone, the wave pouch has moved slightly northward to (18°W, 13°N). 
The wave pouch in the developer composite is centered at (14°W, 10°N), to the south of 
the anticyclone and the associated eastward extending ridge axis.  
At the merger time, the merger non-developer pouch has moved northward to 
(22°W, 15°N), and the associated cyclonic vorticity weakens substantially (not shown), 
resulting in a size reduction of the wave pouch. In contrast, the developing pouch is 
centered on (21°W, 12°N) and starts to take a more circular shape. A sharp contrast 
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between the developers and non-developers at this time is the anticyclones north of the 
wave pouches. In the developer scenario, the anticyclone to the northwest maintains a 
strong circulation, and a second anticyclone to the northeast has developed with a distinct 
center. The twin anticyclones haven’t split yet (no strong northward wind between them) 
and help to keep the pouch in the southern wave track. In the non-developer composite the 
anticyclone to the northwest has weakened to a ridge and transports dry air into the pouch 
circulation, similar to P22L (2011) at 12Z 02 September (Fig. 3.8).  
One day after the merger time, the tripole pattern in the developer composite 
becomes more pronounced, with the wave pouch centered between the anticyclones near 
(27°W, 12°N). For the non-developers, an open ridge, which results from the decayed 
northwestern anticyclone, advects dry air west of the wave trough. Meanwhile the 
northeastern anticyclone (15°W, 19°N) remains prominent and continues to steer the pouch 
northward. The wave pouch is centered near (29°W, 15°N). The composite sequence of the 
non-developers is similar to what is shown for P22L in Fig. 3.8. 
To examine the pouch evolution, Fig. 3.10 shows the time-height cross section of relative 
vorticity, relative humidity and vertical shear for the merger developers and non-
developers. The profiles of relative vorticity (Figs. 3.10a and 3.10b) for developers and 
non-developers are similar prior to the merger time (t = 0 h) except that the former is 
slightly stronger, especially between -24 and 0 h. With the merger of the two disturbances, 
the cyclonic vorticity extends downward in both composites. Vorticity strengthens 
substantially in the developer composite in the following two days but weakens 
significantly for non-developers after 12 h. The striking difference in relative humidity 
(Figs. 3.10c and 3.10d) between the developers and non-developers is the drying for the 
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non-developers after t = 0 h above 800 hPa, with the most pronounced drying between 200-
500 hPa (RH down to less than 35%). Figures 3.10e and 3.10f show the vertical shear at 
different levels with respect to 700 hPa. Compared to the developers, the non-developers 
have relatively weak shear below 700 hPa, especially after t = 0 h, but they are subject to 
stronger vertical shear above 500 hPa.  
To put the differences in RH and vertical shear in a proper synoptic-scale context, 
the 400 hPa RH and streamlines are shown in Fig. 3.11. The developers are characterized 
by a small but well-defined closed cyclonic circulation, with the center slightly to the west 
of the 700- hPa pouch center (which is the center of the domain). Although dry air wraps 
around the cyclonic circulation northwest of the pouch center, the pouch region is quite 
moist and embedded in a zonally elongated moisture zone, which is likely the ITCZ. The 
400 hPa flow of the non-developers features a broad and deep trough, extending beyond 
15 degrees latitude north of the 700 hPa pouch. The trough axis is about 5 degrees to the 
west of the 700 hPa pouch center. The spatial scale of the trough is much larger than that 
of the 400 hPa pouch of the developers, and the northerly flow advects dry air from the 
subtropics. The broad trough is more succinctly shown in the difference between 
developers and non-developers (Fig. 3.11c). The dry air west of the wave pouch is 
collocated with the southerly flow of the trough. Moreover, the westerly anomalies 
associated with the trough explain the stronger westerly vertical shear in the upper 
troposphere, and the westerly flow spreads dry air eastward toward the pouch circulation. 
Fritz and Wang (2013) suggested that dry air can be transported from the upper 
troposphere to the middle troposphere and hinder the storm development. To examine 
whether this is the case, Figure 3.12 shows the vertical cross section along the center 
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latitude of the 700 hPa pouch. Prevailing westerly relative flow is found in the upper 
troposphere for non-developers, while the relative flow is much weaker for developers. 
Figure 3.12 also shows that the dry air is accompanied by subsidence in the middle to upper 
troposphere. The dry air ahead of the wave pouch in the upper troposphere is consistent 
with Hopsch et al. (2010), who attributed the non-development of an AEW near the coast 
to the presence of mid- to upper-level dry air just ahead of the AEW trough. The presence 
of the upper-level trough was also discussed by Arnault and Roux (2010). They suggested 
that a midlatitude trough approaching from the northwest contributed to the weakening of 
the wave. 
As mentioned in the introduction, dry air has two major sources over the Atlantic: 
the SAL and midlatitude intrusion. Figure 3.12 suggests that the 700 hPa dry air at least 
partly originates from the upper troposphere and is associated with dry air intrusion from 
the middle latitudes. To further test this idea, we examine the dust distribution using the 
AOD from the MODIS Level 3 products (Hubanks et al. 2008). Data from the Terra and 
Aqua satellite platforms are processed separately. As sun-synchronous satellites, Terra 
(descending orbit) passes the equator near 10:30 am (local time) and Aqua (ascending 
orbit) passes the equator near 1:30 pm (local time). For each merger system, the MODIS 
observations are first searched from 24 h before to 24 h after the merger time, which lead 
to 2 Terra observations and 2 Aqua counterparts. The pouch locations are then derived for 
each satellite passing time using the linear interpolation, and composites are constructed 
with respect to the pouch center. Streamlines are constructed in a similar way using linear 
interpolation. The AOD composites, superimposed on streamlines, are shown in Fig. 3.13. 
The streamlines appear to be a transition from t=-24 h to t=0 h (Fig. 3.9). Dust is present 
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in the vicinity of the wave pouch in both composites. Although large AOD values are 
observed in the developer composite, they do not penetrate the inner pouch region. In 
contrast, AOD > 0.4 is present in the northwest quadrant of the wave pouch in the merger 
non-developer composite. It is interesting to note that the AOD values are smaller in the 
non-developer composite than in the developer composite despite the more pronounced 
dryness in the former. This suggests that the dry air in the non-developer composite can 
not be simply attributed to the SAL, and it also suggests that the presence of the SAL near 
the wave pouch does not necessarily hinder the storm development, which is consistent 
with Braun (2010)’s finding about the impacts of the SAL on tropical cyclone 
intensification. We also carried out backward trajectory analysis for several non-developers 
using the Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) 
model (Draxler and Hess 1997, Draxler and Hess 1998, Draxler 1999). The trajectories 
suggest that dry air originates both from West Africa and from the midlatitudes (not 
shown). 
3.6 Summary 
 Previous studies have identified two groups of waves over West Africa, one to the 
south and the other to the north of the African Easterly Jet (AEJ) (e.g., Reed et al. 1988; 
Pytharoulis and Thorncroft 1999; Thorncroft and Hodges 2001). The two groups of waves 
have different structures. The southern waves are moist and propagate along the zone of 
strong PV gradient, peaking around the jet level. In contrast, the northern waves are dry 
and confined to 850 hPa and below, propagating along the strong meridional gradient of 
potential temperature. A northern wave sometimes merges with a southern wave near the 
coast of West Africa. The dynamic and thermodynamic evolution of the waves during the 
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merger and the impacts of mergers on the subsequent storm development are examined in 
the framework of the marsupial paradigm in this study.  
Three groups of storms are identified: non-merger developers, merger developers, 
and merger non-developers. Here a northern wave is defined as a propagating cyclonic 
vorticity feature north of the AEJ, and the merger time is defined as the time at which the 
horizontal distance between the northern wave (850 hPa) and the southern wave pouch 
(700 hPa) is 3 degrees or less. Only a small fraction of mergers (~20%) intensify into 
tropical cyclones over the East Atlantic, and they account for 31% of the Cape Verde 
storms. 
 A case study is used to illustrate the typical evolution sequence for a merger 
developer, Isabel (2003). Along with composite analyses, it is shown that merger 
developers start with a shallower and weaker wave pouch. The northern wave moves 
southwestward and merges with the southern wave pouch near the coast of West Africa. 
Although the northern wave is initially dry, it is typically moistened quickly, which is often 
associated with coastal convection. The merger of the two disturbances leads to a stronger 
and deeper wave pouch, and a Cape Verde storm forms 32 h later, on average. A deep 
pouch has been suggested as a necessary condition for tropical cyclogenesis (Wang et al. 
2012). The analysis thus suggests that the dynamic interaction of two disturbances creates 
a more conducive structure for tropical cyclone formation. It is also found that merger 
developers are related to a stronger and more extensive Saharan heat low. Due to the 
enhanced meridional temperature gradient, the AEJ extends further westward over the East 
Atlantic, which creates a more favorable environmental condition for the maintenance and 
propagation of the northern waves. 
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Merger developers and non-developers are also compared to investigate the 
processes that hinder the storm development. The composites of the two groups resemble 
each other prior to the merger time. The 700 hPa circulation is characterized by a tripole 
pattern prior to merger, with anticyclones positioned to the northwest and northeast of the 
wave pouch. This pattern is maintained until genesis for merger developers, but the 
anticyclone to the northwest breaks down to an open ridge shortly after merger. The ridge 
advects dry air from north, while the anticyclone to the northeast steers the wave pouch 
slightly northward. In contrast, the tripole pattern for merger developers helps keep the 
wave pouch in a zonal track and the wave pouch remains moist. Although merger leads to 
a stronger wave pouch in both cases, the developers keep intensifying while the non-
developers weaken after merger in terms of vorticity evolution.  
The weakening of the non-developers can be attributed to strong westerly upper-
level shear relative to 700 hPa and dry air intrusion in the middle to upper troposphere 
(200-500 hPa). The dry air and enhanced shear are associated with a strong and broad upper 
tropospheric trough to the west of the low-level wave pouch. The upper-level trough 
advects dry air from the extratropical Atlantic and induces strong westerly vertical shear. 
The middle to upper-tropospheric dry air is collated with subsidence and may be 
transported to the lower troposphere. Composites of AOD show that merger developers 
were associated with higher AOD values, despite the fact that the non-developers have 
much drier air in the vicinity of the wave pouch. This suggested that the dry air can not be 
simply attributed to the Saharan Dust Layer. Instead, it at least partly originates from the 
midlatitude and from the upper troposphere.  
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3.7 Figures 
Storm Type 
Merger 
Lon 
Merger 
Lat 
Genesis 
Lon 
Genesis 
Lat 
Sample 
size 
Time 
period 
(yr) 
Number of 
storm per 
year 
Developing 
Merger 21.2W 12.1N 27.8W 12.7N 18 22 0.82 
Developing 
Non-Merger - - 28.2W 12N 51 22 2.32 
Non-
Developing 
Merger 22.3W 14 .7N - - 16 5 3.2 
 
Figure 3.1. Statistics on the defined storm groups. 
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Figure 3.2. Total storm numbers by month and category, normalized per year.  
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Isabel (2003) VORT and UV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Evolution of Isabel, 2003 with 2.5 day low-passed data for vorticity (10-5 s-1) 
and co-moving streamlines. Also included are the wave trough axis and critical layer, 
denoting pouch center at the intersection points. AEJ axis is shown in blue contours. The 
wave trough is drawn through the region of cyclonic vorticity where V=0 m s-1, and the 
same is done for the critical layer, but for U=0 m s-1 instead. Highlights key features of the 
merger process for a representative individual case. 
 
 
 
 
 
 
43 
 
 
Isabel (2003) RH and UV 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Evolution of Isabel, 2003 with relative humidity (%) and 2.5 day low-passed 
co-moving streamlines. Also contoured are the wave trough axis (black) and critical layer 
(magenta), denoting pouch center at the intersection points. Plots are centered on the wave 
pouch center at 700 hPa. The AEJ axis is shown with a white contour. 
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Isabel (2003) IR and 700 hPa UV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Evolution of Isabel, 2003 with satellite IR and 2.5 day low-passed streamlines 
at 700 hPa over a fixed domain in the co-moving frame of reference. Also shown are the 
wave critical layer (magenta) and trough axis (black) in contours. 
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Figure 3.6. 2.5-9 day band-pass filtered Okubo-Weiss parameter (shading, 10-10) and 
vorticity (contours). Labels on contours correspond to 10-5 s-1, and are at a .25*10-5 s-1 
interval. Data shown represent a 7 degree latitudinal cross section, centered on the 700 hPa 
pouch center. 
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Figure 3.7. 925hPa potential temperature (K) with 9-day low-passed 600hPa UWIND. In 
the difference plot, only statistically significant differences are shown for the temperature. 
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Figure 3.8. Case study for P22L at 48 hour intervals, starting two days prior to merger. The 
top two rows display 2.5 day low-passed 700 and 850 hPa vorticity (10-5 s-1), and the 
bottom rows display relative humidity at the same levels from 20 (blue) to 90 (red) percent. 
All plots include co-moving streamlines, the wave critical layer (magenta), wave trough 
axis (black), and AEJ axis (blue). 
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700 hPa RH and UV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9. Composite means for merger developers and non-developers. Displayed are 
relative humidity (%), and total wind field data for streamlines in the co-moving frame of 
reference at 700 hPa. Also plotted are the wave trough axis in black, wave critical layer in 
magenta, and continental coastlines. 
  Merger Developers         Merger Non-Developers 
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Figure 3.10. Time-height cross section of relative vorticity (zeta; top; units: s-1), relative 
humidity (RH; middle; units: %) and vertical shear relative to 700 hPa (bottom; units: m s-
1) from 72 hours before to 48 hours after merger. The left column is for merger developers 
and the right column for merger non-developers. Unfiltered data were used to derive all 
variables. Relative vorticity and relative humidity are averaged over a ~1.4-degree square 
box to represent the inner pouch region, and vertical shear is averaged over a ~10-degree 
square box to represent the environment. 
50 
 
 
 
Figure 3.11. 400-hPa streamlines and relative humidity (shading) for (a) merger 
developers, (b) merger non-developers and (c) their differences. The white contours in (a) 
and (b) are 400 hPa meridional wind. The domain is centered at the 700 hPa pouch center. 
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Figure 3.12. Vertical cross of vertical velocity in isobaric coordinates (shading; units: hPa 
s-1), relative humidity less than 50% (black contours with intervals 5%) and vertical shear 
of the zonal wind relative to 700 hPa (white contours) for merger (a) developers and (b) 
non-developers. The cross section is along the center of the 700-hPa pouch. Vertical 
velocity and relative humidity are from unfiltered data, and zonal wind are 2.5-day low-
pass filtered. The zero longitude indicates the pouch center location. 
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Figure 3.13. Composites of 700 hPa streamlines and aerosol optical depth (AOD; shading) 
for merger (a) developers and (b) non-developers. The domain is centered at the 700 hPa 
pouch center. To ensure the robustness of the composites, AOD are not shown at grid points 
where more than 80% of the samples are affected by cloud contamination. 
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Chapter 4: Interannual Variability of Middle and Upper 
Tropospheric Dry Air and Its Impacts on Tropical Cyclone 
Activity over the Atlantic Basin 
4.1 Introduction 
 The diagnosis in chapter 3 suggests that dry air in the middle and upper troposphere 
may have impacts on tropical cyclone formation. In this chapter we will examine in detail 
the interannual variability of the middle to upper troposphere dry air and its impacts on 
Atlantic tropical cyclone activity. We will investigate the following specific issues: 
• the interannual variations of dry air occurrence over the Atlantic Ocean; 
• their relationship with the large-scale circulation; 
• the possible impacts on the variability of the Atlantic tropical cyclone activity; 
• the origin of dry air. 
Since relative humidity does not follow a Gaussian distribution, the monthly or 
seasonal mean can not well represent the variability of relative humidity. Rather, the 
distributions of humidity exhibit bimodal structures in the middle to upper troposphere 
(Brown and Zhang 1997), which reflects the occurrences of drought and enhanced 
convective activity. This bimodal distribution has important radiative effects, resulting in 
reduced Convective Available Potential Energy (CAPE) for convection due to enhanced 
longwave cooling in dry periods (Zhang and Chou 1999). Relative humidity can not be 
adequately represented by the monthly or seasonal mean field due to its bimodal 
distribution, which highlights the need to define dry air occurrence on the synoptic time 
scale. Building on the previous work, we hypothesize that the frequency of occurrence of 
dry events has an impact on tropical cyclone activity. Additionally, it is expected that dry 
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air may originate from the upper troposphere in the subtropical to middle latitudes in 
association with the large-scale subsidence and synoptic scale anticyclonic flow. 
4.2 Data and methods 
The six hourly ERA-Interim reanalysis (Simmons et al. 2007) data from 1979-2010 
were used to identify the frequency of occurrence of dry air and to conduct empirical 
orthogonal function (EOF) analysis with associated composites. The layer averaged RH 
was calculated between 600-850 hPa and 300-500 hPa, respectively, to represent the 
middle troposphere and upper troposphere. To examine the role of the SAL as a source of 
dry air, we used the satellite-derived monthly mean dust optical depth (DOD) dataset 
developed by Amato Evan. These data have a horizontal resolution of one degree and 
available for 1982-2009 (Evan et al. 2006, Evan and Mukhopadhyay 2010). 
Backward trajectories were derived from the HYSPLIT model using the ERA-
Interim reanalysis data to determine the origin of dry air. The Best Track data from the 
National Hurricane Center (NHC) were used to assess the impacts of the dry air occurrence 
on Atlantic TCs. In addition, the Global Precipitation Climatology Project (GPCP) v2.2 
data were used to examine the precipitation anomalies associated with dry air. All analyses 
presented are taken from August-September, the peak hurricane season over the Atlantic 
when most tropical cyclones form over the MDR region. 
Fig. 4.1 shows the probability distribution of the layer mean relative humidity 
between 300-500 hPa (upper troposphere) and 600-850 hPa (middle troposphere). The 
upper tropospheric RH is strongly skewed toward low values, suggesting a low-frequency 
occurrence of high humidity in the upper troposphere. The mid-tropospheric RH has a 
bimodal distribution, with a primary peak at 75% and a secondary peak around 50%. Due 
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to the strong skew (300-500 hPa) or the bimodal (600-850 hPa) distribution of RH, the 
seasonal mean relative humidity (indicated by the blue line) is quite different from the 
mode of frequent occurrence and does not adequately represent the variability of the 
moisture distribution. We thus use the frequency of dry air occurrence to examine the 
fluctuations of moisture on the subseasonal time scale. A dry air day is identified when two 
conditions are met continuously for four 6-hourly time periods (one day): 1) relative 
humidity (RH) is equal to or less than half a standard deviation below the mean and 2) RH 
is less than a critical value, RHc. RHc is set to 50% for the middle troposphere and 40% 
for the upper troposphere. The frequency of dry air occurrence is defined as the ratio of the 
number of dry air days to the total number of days in August and September and is shown 
as the number of dry air days per season. 
4.3 The pattern of dry air frequency 
 Based upon our definition of dry air occurrence, a 32-year average of dry air days 
during Aug-Sep for the 600-850 and 300-500 hPa layers is shown in Fig. 4.2. In the middle 
troposphere, dry air days occur most frequently over the East Atlantic around 20°N (off 
the coast of West Africa) and extends southwestward to the central Atlantic/Main 
Development Region (MDR) with an axis near 15°N. The close proximity to the Saharan 
Desert suggests that these dry air days may be associated with dust outbreaks, which is 
examined later. In the upper level pattern, a high frequency of occurrence covers the 
tropical and subtropical Atlantic, with a maximum greater than 22 dry air days over the 
Central Atlantic. It is noteworthy that both patterns weaken considerably west of the MDR, 
especially over the Caribbean Sea and the Gulf of Mexico. 
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The first EOF modes for the middle and upper tropospheric dry air occurrence and 
the contribution of the first 10 modes to the total variability are presented in Figs 4.3 and 
4.4. The first modes explain 23 and 27 % of the total variance for the 600-850 and 300-500 
hPa layers, respectively. Both patterns are centered north of the MDR, extending over the 
East Atlantic and generally peaking between 20-25°N. The temporal correlation between 
the two EOF time series is 0.39. Although the correlation is above the 95% confidence 
level, it suggests that one mode can explain only 15% of the total variance of the other 
mode, and they are therefore independent of each other to some extent. It is also worth 
noting that the upper-level EOF1 has a dipole pattern, and the variations over the Caribbean 
and the Gulf of Mexico are opposite to those over the Central and East Atlantic. 
4.4 Impacts of middle troposphere dry air occurrence 
To assess the impacts that the middle tropospheric dry air occurrence may have on 
TC activity, the dry air days and tropical cyclone tracks for the six strongest positive years 
and six strongest negative years of the EOF1 pattern are shown in Figs. 4.5 and 4.6. In Fig. 
4.5, many more dry air days occur across and north of the entire Atlantic MDR for the 
positive phase, while much less dry air days occur over the Caribbean and Gulf of Mexico 
in both phases. As shown in Fig. 4.7, the 6 positive years have 30 storms and the six 
negative years have 42 storms, suggesting that this mode significantly impacts the tropical 
cyclogenesis frequency. In addition, differences are found in the storm tracks and genesis 
locations. In the negative phase of EOF1, dry air days occur less frequently in the middle 
troposphere over the tropical and subtropical Atlantic. Consequently, more storms form 
over the Central and East Atlantic MDR. Furthermore, storm intensities are higher in the 
negative phase. The negative (positive) phase had a considerably higher (lower) number of 
57 
 
 
major hurricanes with 13 (6) storms falling into this category (Fig. 7). Cumulatively, the 
differences between the tropical cyclone tracks reveal significantly reduced tropical 
cyclone activity over the Central and East Atlantic in the positive phase of EOF1. 
 To examine the origin of the dry air, composites of dust optical depth were 
constructed to compare the 5 strongest positive and negative phase years of the EOF pattern 
(one of the 6 most positive years of EOF1 was outside the dust optical depth data range, 
which is why 5 years were chosen rather than 6). Fig. 4.8 shows that high DOD occurs 
between 10-20°N in both composite means, and the composite difference shows 
significantly higher DOD in most of the MDR in the positive phase of EOF1. Therefore, 
the Atlantic dust distribution suggests that the SAL contributes to midtropospheric dryness 
and to the suppression of East/Central Atlantic TC activity. 
 Another possible source for dry air in the middle troposphere is from the subtropics 
and midlatitudes in association with subsidence. To examine this possibility, 10-day 
backward trajectories were calculated using the HYSPLIT. A representative case (12Z 15 
Sep, 1994) from the positive phase of the 600-850 hPa EOF1 pattern was chosen, as 
depicted in Fig. 4.9. The trajectories were initialized at 700 hPa, the middle of the 600-850 
hPa layer. A box was selected in the core of the dry air over the MDR near 20°N, and a 
group of 16 trajectories were initialized at various locations within the box. Fig. 4.9 shows 
that most trajectories lead back to the subtropical East Atlantic in association with an 
apparent anticyclone in the upper troposphere and that a few originate over West Africa. 
This suggests that dry air can be associated with subsidence in an extratropical anticyclone 
in addition to originating from the SAL. Trajectory analysis was carried out for different 
58 
 
 
dry events, and when initialized near the coast of West Africa, a larger number of 
trajectories originate from West Africa than the midlatitude. 
 The trajectories indicated the importance of large-scale patterns in the distribution 
of dry air. Based on this indication, 850 hPa heights and streamlines (Fig. 4.10), and 200-
850 hPa vertical shear (vector difference; Fig. 4.11) are examined. The different 
modulation of the 850 hPa subtropical high over the Atlantic is evident between the 
positive and negative phase years of the 600-850 hPa EOF1 in Fig. 4.10. There is an 
eastward retreat of the subtropical high in the negative phase years, which contributes to 
the increasing number of TCs that recurve northeastward over the Central Atlantic. 200-
850 hPa shear is also consistent with the configuration of the large-scale flow difference 
between the positive and negative phase years in Fig. 4.11. Regions of enhanced 850 hPa 
easterlies west of 40°W between 10 and 20°N are marked by stronger shear in the positive 
phase years, consistent with reduced TC activity over the region. However, the difference 
in vertical wind shear (VWS) can not explain the difference in TC activity in the eastern 
MDR region and the subtropical Atlantic (between 20-30N). 
 There is potential to improve the understanding and predictability of dry air 
occurrence if it is related to large-scale climate modes. A correlation of the leading mode 
of the 600-850 hPa EOF analysis with SST was conducted to evaluate the relationship to 
SST and some dominant climate modes, such as the Atlantic Meridional Mode (AMM), 
North Atlantic Oscillation (NAO), and the El Nino Southern Oscillation (ENSO). 
Midtropospheric dry air was found to have a weak negative correlation (-0.40) with the 
AMM and with the NAO (-.46), but was not significantly correlated with ENSO (Fig. 4.12). 
These correlations are consistent with the observed reduction of TCs over the MDR in the 
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negative phase of the AMM/NAO. Besides dry air, the modulation of vertical wind shear 
associated with the AMM and NAO may also contribute to the variations of Atlantic 
tropical cyclone activity. 
4.5 Impacts of upper troposphere dry air occurrence 
 To assess the impacts that 300-500 hPa dry air occurrence may have on TC activity, 
the composites of the dry air days and tropical cyclone tracks are plotted in Figs. 4.13 and 
4.14 for the six most positive and six negative phase years of the EOF1, respectively. Fig. 
4.13 shows that dry air days occur more frequently over the Central and East Atlantic but 
less frequently over the Gulf of Mexico in the positive phase of EOF1. The 6 most positive 
phase years from EOF1 have 44 storms, and the 6 most negative phase years have 51 storms 
(Fig. 4.7). Compared to the negative phase, more storms formed near the coast (more 
landfalling storms) but less over the MDR in the positive phase, and fewer total storms 
formed over the Atlantic basin. However, no significant impact on TC intensity could be 
identified from the 300-500 hPa EOF1 in terms of the number of major hurricanes, as 12 
(14) such storms formed in the positive (negative) phase. Similar to the midtropospheric 
pattern, the upper troposphere dry air events act to reduce TC activity over the Atlantic 
MDR, the region with the highest dry air occurrence. 
 To examine the linkage of the dry air occurrence in the upper troposphere to dust 
outbreaks, composites of dust optical depth were constructed to compare the 5 strongest 
positive and 5 strongest negative phases of the EOF pattern. Similar to Fig. 4.5, Fig. 4.15 
shows that dust occurs most frequently between 10-20°N and decreases westward from the 
coast of West Africa. Interestingly, dust is reduced over the tropical and subtropical North 
Atlantic in the positive phase of EOF1. This is consistent with Braun (2010), who 
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suggested that the processes which produce the SAL cause drying below 700~600 hPa and 
moistening in the 600 to 400 hPa layer. This again confirms that the middle and upper 
tropospheric dry air occurrences are independent of each other to some extent. 
 The predominant source for the dry air occurrence in the upper troposphere may be 
from the subtropics and midlatitudes. To examine this possibility, a representative case was 
chosen for the 300-500 hPa EOF1 positive phase and displayed in Fig. 4.16. Dry air is 
visible over the MDR within the box, centered near 15°N. 10-day backward trajectories 
were initialized within this box using the HYSPLIT model to evaluate the source of dry air 
in Fig. 4.16. Similar to the midtropospheric case, dry air is generally shown to originate 
from the upper troposphere above 500 hPa. Most trajectories lead back to the Central/East 
Atlantic subtropics and midlatitudes in association with apparent anticyclones. A few 
originate over Africa and to the southeast but still from aloft (above the SAL). The source 
of dry air is not consistent with being of SAL origin, but rather with subsidence aloft in an 
anticyclone in most cases. 
 To examine the large-scale circulation pattern associated with the 300-500 hPa 
EOF1, 850 hPa heights with streamlines and 200-850 hPa vertical shear are examined in 
Figs. 4.17 and 4.18. The characteristics of the differences in the 850 hPa subtropical high 
in Fig. 4.14 are similar to what is observed for the 600-850 hPa layer except even more 
pronounced over the West Atlantic. The subtropical high is weaker over the West Atlantic 
or retreats eastward in the negative phase of the EOF1, which explains the increasing 
number of TCs that recurve northeastward over the Central Atlantic. The enhanced vertical 
shear off the coast of West Africa in the EOF1 positive phase contributes to the reduced 
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TC activity in that region, but the difference in the TC activity over the central MDR and 
the Gulf can not be explained by vertical shear. 
 Correlation analysis was conducted to examine the linkage between the upper level 
EOF1 and large-scale climate modes. A comparison between the upper and middle 
tropospheric correlations are shown in Figure 4.12. No significant correlations were found 
between the 300-500 hPa EOF1 and the AMM, NAO, or ENSO.  
The correlation of the 300-500 hPa EOF1 pattern of dry air to Aug-Sep Atlantic 
precipitation was examined, and a significant correlation is present across the MDR, in 
particular between 15-20°N (not shown). Since it is collocated with the difference in the 
distribution of TC tracks between the positive and negative phases, the precipitation 
anomalies are partly due to the tropical cyclone activity. This negative correlation shows 
that, to the 95% confidence interval, the positive phase years of dry air events are associated 
with reduced precipitation. This is consistent with the notion that upper tropospheric dry 
air can act to suppress convection. 
4.6 Summary 
The interannual variability of the middle to upper tropospheric dry air and its 
impacts on Atlantic tropical cyclone activity were examined in this chapter. Relative 
humidity over the Atlantic in the middle troposphere displays a bimodal distribution 
(Brown and Zhang 1997), which reflects periods of drought and enhanced convective 
activity. In the upper troposphere, relative humidity is strongly skewed toward low values 
of RH. For this reason, it was necessary to define dry air occurrence on the synoptic time 
scale using the specific criteria: 1) relative humidity (RH) is equal to or less than half a 
standard deviation below the mean; 2) RH is less than a critical value (RHc); 3) conditions 
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1 and 2 are met continuously for one day. RHc is set to 50% for the middle troposphere 
and 40% for the upper troposphere. 
The EOF analysis of dry air occurrence revealed a dominant mode of interannual 
variability with a center of action over the Central Atlantic for the middle (600-850 hPa) 
and upper (300-500 hPa) troposphere. Although the time series of the midtropospheric 
EOF1 is positively correlated to the upper tropospheric EOF1, the correlation coefficient 
(0.39) suggests that the two modes only explain a limited amount (~15%) of the total 
variance for each other, or the two modes are independent of each other to some extent. 
The leading mode of EOF analysis (EOF1) based on the established dry air 
occurrence definition was examined to determine the role of dry events on TC activity. 
When midtropospheric dry air days occur more frequently (positive phase of EOF1), TC 
activity tends to be reduced over the MDR. Additionally, storm intensity tends to be higher 
for the negative phase years of the 600-850 hPa EOF leading mode, as evidenced by the 
increase in the number of major hurricanes in comparison to the positive phase. When the 
upper tropospheric dry air occurs more frequently, TC number is reduced by about 20%, 
especially in the central and eastern MDR, but more landfalling storms develop near the 
coast of Southeast US. Therefore, the middle and upper tropospheric dry air both affect TC 
activity but in a different way. The impacts of the upper tropospheric dryness are consistent 
with previous studies (Hopsch et al. 2010; Braun 2010; Fritz and Wang 2013; Hankes et 
al. 2014). 
The possible sources of middle and upper tropospheric dry air were examined based 
on the two EOF modes. This analysis showed that enhanced DOD in the MDR is associated 
with a high frequency of occurrence of midtropospheric dry air but a reduced frequency of 
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occurrence of the upper tropospheric dry air. Furthermore, trajectory analysis shows that 
dry air in both the 600-850 hPa and 300-500 hPa layers originates from the upper 
troposphere over the East Atlantic in extratropical regions, as well as from West Africa. 
These results suggest that large-scale subsidence in association with anticyclonic flow, 
besides the SAL, is a significant dry air source and needs to be considered for the variability 
of Atlantic tropical cyclone activity. 
The large-scale patterns and climate oscillations associated with the two EOF 
modes were also examined. An eastward retreated subtropical high in the negative phase 
of the 600-850 and 300-500 EOF1 patterns contributes to the increasing number of TCs 
that recurve northeastward over the Central Atlantic. For the 600-850 hPa EOF1, the 
difference in (VWS) can not explain the difference in TC activity over the eastern MDR 
region and the subtropical Atlantic (between 20-30N). The enhanced vertical shear off the 
coast of West Africa in the positive phase of the 300-500 hPa EOF1 contributes to reduced 
TC activity, but the vertical shear can not explain the variations of the TC activity over the 
Central MDR and the Gulf. The middle tropospheric air is correlated to the AMM, 
particularly on decadal time scales. 
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4.7 Figures 
 
Figure 4.1 Probability distribution function of RH for 300-500 hPa (left) and 600-850 hPa 
(right). The mean RH for each layer is denoted by the blue line at this particular location, 
and the dashed line represents one standard deviation. 
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Figure 4.2 32-year average of dry event days (Aug-Sep) from 1979-2010.  
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Figure 4.3 Contribution by the first 10 modes to the total variance of dry air occurrence 
from the 600-850 hPa and 300-500 hPa EOFs. 
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Figure 4.4 The First EOF Modes for the middle (top) and upper (bottom) troposphere. The 
correlation coefficient between these modes is .39, and the leading mode explains 23 (27) 
% of the variability in dry air occurrence for the middle (upper) troposphere. 
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Figure 4.5 EOF1 (600-850): Dry air days for 6 most positive (a) and negative (b) years of 
the dry air event pattern. 
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Figure 4.6 EOF1 (600-850): TC tracks for 6 most positive (top) and negative (bottom) 
years of the dry air event pattern. Shading represents TC intensity in m s-1. 
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Figure 4.7 Number of named tropical cyclones in the positive (Pos) and negative (Neg) 
phases of the 600-850 (Middle) and 300-500 hPa (Upper) EOF1. Also included are the 
major (M) storms in Aug-Sep for the positive and negative phases of the EOFs. 
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Figure 4.8 Composites of dust optical depth for the 5 strongest positive (a) and negative 
(b) phase years of the 600-850 hPa EOF leading mode. Dashed contours in the difference 
plot (c) represent statistical significance to the 95% confidence interval. 
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Figure 4.9 700 hPa RH from a representative dry air event for the 600-850 hPa EOF pattern 
(left). The box outlines a region within the core of the dry air from which trajectories were 
calculated. Ensemble of backward trajectories with the stars denoting the starting location 
and time from 699 hPa on 12Z 15-September, 1994 (right). 
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Figure 4.10 August-September 850 hPa heights (m) and UV streamlines for the 6 most 
positive (top) and negative (middle) years of the 600-850 hPa EOF1 pattern. The positive 
– negative phase differences are also plotted (bottom) for heights and streamlines. Only 
statistically significant differences to the 95% confidence interval are shown for heights. 
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Figure 4.11 August-September 200-850 hPa vector shear (m s-1) for the 6 most positive (a) 
and negative (b) years of the 600-850 hPa EOF1 pattern. The positive – negative phase 
differences are also plotted (c). 
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Figure 4.12 Correlations between 600-850 and 300-500 hPa EOF1 and various climate 
oscillations. 
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Figure 4.13 EOF1 (300-500): Dry air days for 6 most positive (a) and negative (b) years 
of the dry air event pattern. Black contours represent values of dry air days at 2 day 
intervals starting at 26. 
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Figure 4.14 EOF1 (300-500 hPa): TC tracks for 6 most positive (top) and negative (bottom) 
years of the dry air event pattern. 
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Figure 4.15 Composites of dust optical depth for the 5 strongest positive (a) and negative 
(b) phase years of the 300-500 hPa EOF leading mode. Dashed contours in the difference 
plot (c) represent statistical significance to the 95% confidence interval. 
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Figure 4.16 500 hPa RH from a representative dry air event for the 300-500 hPa EOF 
pattern (left). The box outlines a region within the core of the dry air from which 
trajectories were calculated. Ensemble of backward trajectories with the stars denoting the 
starting location and time from 699 hPa on 00Z 8-August, 2010 (right). 
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Figure 4.17 August-September 850 hPa heights (m) and UV streamlines for the 6 most 
positive (top) and negative (middle) years of the 300-500 hPa EOF1 pattern. The positive 
– negative phase differences are also plotted (bottom) for heights and streamlines. Only 
statistically significant differences to the 95% confidence interval are shown for heights. 
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Figure 4.18 August-September 200-850 hPa UV vector shear (m s-1) for the 6 most positive 
(a) and negative (b) years of the 300-500 hPa EOF1 pattern. The positive – negative phase 
differences are also plotted (c). 
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Chapter 5: Summary and Discussion 
 
 The pre-genesis evolution of wave pouches was examined for 164 named tropical 
cyclones over the Atlantic during 1989-2010 July-October using the ERA-Interim 
reanalysis and CMORPH precipitation. East of 60W, most wave pouches (~80%) form at 
700 hPa first, extending down to 850 or 925 hPa off the coast of West Africa. By contrast, 
the majority of the wave pouches (~68%) over the West Atlantic (west of 60W) form at 
850 or 925 hPa first. Wave pouches become more vertically aligned approaching genesis. 
It was also found that vorticity at 925 hPa intensifies faster than that at 600 hPa. A warm-
core structure forms at the meso- scale near the pouch center prior to genesis but is less 
well defined at the meso- pouch scale. The evolution of precipitation and the low-level 
convergence suggests that convection begins to organize near the pouch center about one 
day prior to genesis, along with the rapid intensification of vorticity in the inner pouch 
region. The composites derived from the ERA-Interim reanalysis show that the inner pouch 
region has higher specific humidity and equivalent potential temperature, especially in the 
middle troposphere within one day prior to genesis.  
 This statistical analysis using the ERA-Interim revealed the different 
thermodynamic conditions and different vorticity evolution between the inner and outer 
pouch regions, and, along with the CMORPH data, suggests that the inner pouch region is 
the preferred location for sustained deep convection and tropical cyclogenesis, which 
supports the recent findings by Wang (2012) based on case studies. This study also shows 
that the ERA-Interim data can capture the meso-scale pouch structure to some extent. 
 While constructing the pouch tracks over the Atlantic in order to evaluate the inner 
and outer pouch regions, it was observed that a significant subset of 925 and 850 hPa waves 
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originated north of the AEJ over West Africa. Previous studies have identified two groups 
of waves over West Africa, one to the south and the other to the north of the African 
Easterly Jet (AEJ) (e.g., Reed et al. 1988; Pytharoulis and Thorncroft 1999; Thorncroft and 
Hodges 2001), which we were able to confirm from the perspective of the marsupial 
paradigm. The dynamic and thermodynamic evolution of the waves during the merger and 
the impacts of merger on the subsequent storm development are examined in this study. 
Three groups of storms are identified: non-merger developers, merger developers, and 
merger non-developers. Relative to non-merger developers, merger developers have a 
weaker circulation near the surface prior to merger, but the merger leads to a stronger and 
deeper wave pouch, which is more conducive to tropical cyclogenesis. Composite analysis 
shows that a merger developer is associated with a warmer and broader heat low over West 
Africa and a more extensive AEJ, which help to maintain the northern waves over the East 
Atlantic. 
Merger developers and non-developers share a lot of characteristics at the early 
stages, but dry air intrusion west of the wave trough in the middle and upper troposphere 
inhibits deep convection and leads to the nondevelopment of some mergers. The dry air in 
non-developers is related to a strong and broad upper tropospheric trough and the 
associated subsidence west of the low-level wave pouch. The trough advects dry air from 
the extratropical Atlantic and also induces a strong westerly vertical shear. The composites 
of aerosol optical depth suggest that the Saharan Air Layer has a limited contribution to 
the dryness in the vicinity of the non-developers.  
The finding about the impacts of the SAL on tropical cyclone formation is 
consistent with the recent studies by Braun (Braun 2010; Braun et al. 2012). Furthermore, 
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this study highlights the importance of the upper-level processes on tropical cyclone 
formation. Although the upper troposphere has low saturation specific humidity and can 
be moistened quickly by convection (Nolan 2007; Braun et al. 2012), the persistent 
presence of dry air due to strong vertical wind shear or large-scale subsidence can be 
detrimental to tropical cyclone formation (Fritz and Wang 2013). 
Although this study examines only the Cape Verde storms, the investigation of the 
multi-disturbance interaction during tropical cyclone formation sheds light on tropical 
cyclone formation over the other basins. For example, tropical cyclone formation over the 
western North Pacific is often involved with the interaction of disturbances of different 
vertical structures and spatial scales, which is certainly a topic meriting further study. The 
role of dry air in the middle and upper troposphere may also have significance outside of 
Cape Verde storms. 
To explore the impact of dry air on tropical cyclogenesis on a grander scale, we 
examined the interannual variability of dry air occurrence using relative humidity. The 
interannual variability of the frequency of the mid-tropospheric (600-850 hPa) and upper 
tropospheric (300-500) dry air occurrences and its impacts on tropical cyclone activity over 
the Atlantic are examined in this study. EOF analysis revealed a dominant mode of 
interannual variability of dry air layer frequency over the tropical north Atlantic, with 
strong variations over the western and central Atlantic between 15-30°N. It was found that 
middle tropospheric dry air impacts the TC number on interannual time scales, and also 
causes a reduction in the number of major hurricanes. 600-850 hPa dry air is associated 
with a strong SAL, but can also be shown to originate from higher latitudes in association 
with upper tropospheric anticyclones. Upper tropospheric dry air reduces TC number on 
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interannual time scales, but does not significantly impact storm intensity. 300-500 hPa dry 
air can not be attributed to the SAL, but rather is shown to originate from higher latitudes 
or West Africa typically in association with anticyclones. 
The relationship of middle and upper tropospheric dry air occurrence as given by 
EOF analysis to the large-scale circulation and climate oscillations demonstrates the nature 
of its variability. The EOF1 positive phase for the 600-850 and 300-500 hPa layers is 
marked by a stronger subtropical high at 850 hPa that extends further westward to the West 
Atlantic. The steering flow and variations of vertical shear, besides the dry air occurrence, 
contribute to the variations of TC activity over the Atlantic to a degree. In the negative 
phase years of the EOF patterns, storms recurve over the Central Atlantic more frequently 
in association with a weakened and eastward retreated subtropical high. Therefore, the 
positive phase of the EOF1 patterns may be associated with fewer and weaker storms, but 
it is associated with a higher percentage of storms making landfall over North America. 
The variations of the TC activity can not be simply attributed to variations of vertical shear. 
This suggests that the middle and upper tropospheric dry air occurrence and the VWS both 
impact on TC activity. In terms of climate variability, the midtropospheric dry air 
occurrence is best correlated with the AMM and NAO, and the upper tropospheric dry air 
event frequency is correlated most strongly to precipitation, extending zonally from the 
Atlantic MDR. 
The findings about the impacts of the dry air, especially the upper-level dry air, on 
tropical cyclone activity and the origin of dry air from the midlatitude suggests the 
importance of midlatitude processes on tropical cyclones. Further study is warranted on 
this topic to examine the potential for increased predictability of TC activity on the seasonal 
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time scales based on the teleconnections between the Atlantic humidity distribution and 
climate oscillations. 
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